The characteristics of X-ray-induced absorption in type-III fused silicas containing (5.8-8.7) X 10 19 cm-3 of OH were investigated. The induced absorption spectra were decomposed into five Gaussian absorption bands at 6.5, 5.8, 5.4,5.0 and 4.8 eV. The intensities of the 5.4 and the 5.0 eV bands decrease with increasing OH content, whereas the intensities of the 4.8 eV band increase. The OH content dependence of the 5.8 eV band is more complicated: for short irradiation times, the intensity decreased with increasing OH content, but the dependency was changed for long irradiation times. A model is proposed to explain these properties. These bands are created from two groups of precursors: the precursors of the 5.0, 5.4 and part of the 5.8 eV band are =Si-H HO-Si= structures and strained Si-O-Si bonds, while those of the 4.8 eV band and the residue of the 5.8 eV band, being dominant at long irradiation times, are H 2 0 molecules bound to Si-OH groups by hydrogen bonds and =Si-OH HO-Si= structures.
Introduction
The characteristics of radiation-induced de fects in synthetic fused silicas are strongly re flected by their types and the histories of produc tion conditions [1] . Studies on these properties provide a useful tool to clarify the relation be tween the defect structures and production con ditions. In particular, X-ray-induced optical ab sorption is one of the most practical methods because the equipment is easily available; the X-ray-beams can be utilized more easily than other radiations such as neutron, ')'-ray and ex cimer lasers; moreover, the optical absorption measurement is easier than paramagnetic defect measurement by electron spin resonance (ESR). However, there have been quite few studies on X-ray-induced absorption [2] [3] [4] [5] .
Nakamura and co-workers [2, 3] studied the characteristics of X-ray-induced absorption and emission bands in synthetic fused silicas. They studied the effect of heat treatment on the cre ation of the absorption bands in synthetic fused silicas.
The present author and a co-worker [4] stud ied the characteristics of X-ray-induced absorp tion in type-III fused silica synthesized directly by flame hydrolysis of SiCl 4 in a hydrogen-oxygen flame under reducing (DR) and oxidizing (DO) conditions. Absorption spectra in sample DO had peaks at 5.8 and 2.0 eV and a shoulder at 4.8 eV, whereas the absorption spectra in sample DR had only one peak at 5.8 eV. However, the exis tence of the 5.0 eV band, called the B 2a band ascribed to unrelaxed oxygen-deficient centers [1] , was suggested by photoluminescence spectra in sample DR. These differences could be derived not only from the difference of the flame condi tions but also from the difference of the OH content: the OH content in the samples DR and DO are 5.5 and 9.5 X 10 19 cm-3 (700 and 1200 ppm in mass), respectively. Therefore, we studied in this paper the OH-content dependence of X ray-induced absorption in type-III fused silicas synthesized under reducing conditions. and the surfaces were polished.
The samples were exposed to X-rays on one side in a vacuum (::::: 10-2 Torr) at room tempera ture by utilizing the beam of a fluorescence X-ray spectrometer (a Rigaku type 3080) with a rhodium target tube operated at 50 kV and 50 mAo The induced absorption was measured by the differ ence between the spectra before and after the irradiation using a spectrophotometer (a Shi madzu UV-3100). The induced absorption spec tra were fitted by several Gaussian peaks by the least-squares method. Photoluminescence (PU and photolumines cence excitation (PLE) spectra were measured by using a fluorescence spectrophotometer (a lasco FP-770) after 3 h X-irradiations. 3 . Results Fig. 1 shows an example of an X-ray-induced absorption spectrum. Each absorption spectrum has a maximum at 5.8 eV. All absorption curves in any sample at any irradiation time can be fitted by five Gaussian absorption bands with the same values of the peak position and the full width at half maxima (FWHM) tabulated in Table 1 .
In the present samples, the features of the absorption spectra are similar to those of sample DR in the previous paper [4] ; the absorption spectra have a peak only at 5.8 eY.
Double-logarithmic plots of the irradiation time dependence of the intensities of each ab sorption component are shown in Fig. 2 
, , cm -3 of OH show unique slopes; the former slope is about 0.5 and the latter slope is about 1. Fig. 3 shows the OH content dependence of the intensities of the absorption components. The intensity of the 6.5 eV band decreases with in creasing OH content for irradiation times of up to 2 h. However, after irradiation with X-rays for 3 h, the intensities of the 6.5 eV band become almost independent of OH content. The 5.8 eV band shows a similar tendency up to 2 h. How ever, after irradiation for 3 h, the intensity in creases and tends to saturate with increasing OH content. For fixed irradiation times, the intensi ties of the 5.4 and 5.0 eV bands decrease with 
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Discussion

Assurance of the peak decomposition
Similar spectral decompositions as in the pre sent study are reported by Nakamura et al. [3] and Kitamura et al. [5] ; they showed only two bands near 5.7 and 4.6 eV in the photon energy higher than 4 eV. Their decomposition could be too simplified because the peak position and full width at half maximum (FWHM) of these sam ples are different. In the former paper, the ab sorption bands are at 5.74 eV (FWHM 0.99 eV) and 4.62 eV (FWHM 0.99) in the type-III and at 5.86 eV (FWHM 1.28 eV) and 4.85 eV (FWHM 0.75 eV) in the soot remelted silica. The absorp tion bands in the latter paper are 5.75 eV (FWHM 0.6 eV) and 4.75 eV (FWHM 0.6 eV). In the present samples, all absorption spectra could be fitted by five Gaussian absorption bands with the same values of the peak positions and the FWHM tabulated in Table 1 .
The assurance of the 6.5 eV band is question able because the peak position of the 6.5 eV band is out of our measurement region, i.e. 3.4-6.2 eV (360-200 nm). Since the origin of the 6.5 eV band cannot be determined in the present study, we do not discuss this band further.
The 5.8 eV band
The 5.8 and the 5.4 eV bands are ascribed to E' centers (=Si . ) [1] . Four types of E' center are reported in the vitreous silicas [1] : E'", E'f)' E')', and E'o centers. The nature of the E' center is uncertain and it is stable only below" -200 K. The E~ center is observed only in silica with high chlorine content produced by plasma CVD. . hv .
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I m which /" Si ~ represents a planar three oxygen-coordinated structure and =Si ... Si= rep resents an unrelaxed oxygen-deficient center (ODC) causing an absorption band called the B 2 band [1] .
In a previous paper [6] , we proposed that the precursor of the excimer-Iaser-induced E' center in a fused silica synthesized under a reducing condition is the =Si-H H-O-Si= structure. Un der ArF excimer laser irradiation, E' centers are induced by
In the previous paper [4] , we suggested that there are at least two types of X-ray-induced E' center from the growth curve of the 5.8 eV band. In the X-ray exposure, the mechanism shown in Eq. (3) would be the main process to create the E' center at short irradiation times, i.e. < 30 min.
At longer irradiation times, the following mecha nism would be the main process:
In the present samples, the existence of several production mechanisms of E' centers is also sug gested by the facts that the slope of the growth curve of the 5.8 eV band in the double-logarith mic plot is higher in the higher dose regime and the OH-content dependence changes with the irradiation time. Galeener et al. [7] studied X ray-induced paramagnetic defects in synthetic fused silicas. In type-III fused silica, the growth curve of the population of the E' centers seemed linear with the irradiation time. However, on looking at the growth curve carefully, the extrapo lation value of the linear part into zero dosage does not go to the origin, which suggested that some of the E' centers are created from pre-exist ing precursors. This suggested that there are at least two types of E' center creation mechanism. Imai et a!. [8] pointed out two such groups of E' center generation mechanisms in "{-irradiated sil ica glasses. In the present sample, the growth curve of the 5.8 eV band in the double-logarith mic plot is concave upwards and seems to ap proach a linear dependence for the high-OH samples at the longest irradiation times, i.e., the slope approaches 1 in the double-logarithmic plot. This fact also suggests the existence of at least two types of creation mechanism of the E~ cen ters; the concave region may be the transitional region where the E')' centers produced from the pre-existing precursors begin to saturate.
Probable mechanisms of the E')' center cre ation are: the reaction represented by (i) Eq. (3), (ii) Eqs. (4) and (5) 
and [8] =:Si-O-Si=: ~ =:Si· . O-Si=:.
The OH-content dependence of the intensities of the 5.8 eV band provides a key to understand ing the creation mechanism of the E' center. In the production process, an excess amount of hy drogen in the flame will react with strained Si O-Si bonds as =:Si-O-Si=: + Hz ~ =:Si-HHO-Si=:.
The population of the precursor =:Si-H HO-Si=: would be higher in the sample with lower OH content, because the OH should reduce the num ber of the strained bonds.
The mechanism described by Eq. (7) could also be enhanced in low-OH samples because of the higher strained bond content in the silica with low OH content. Imai et a!. [8] observed creation of an E' center and the non-bridging-oxygen-hole centers (NBOHC; (=:Si-O' )) in various types of "{-irradiated silica. Equivalent amounts of these two species, which suggest the mechanism of Eq. (7), are observed in the samples containing no pre-existing precursor defects to produce the E' center. In type-III silica, such equivalent-amount production of E' center and NBOHC is observed in the low-dose regime, but these amounts at the same dosage are smaller than that in the precur sor-free silica containing at most 1 X 10 19 cm-3 of OH. This fact supports our hypothesis that OH reduces the number of strained bonds. All the creation mechanisms discussed above show that the OH will reduce the creation of the EY" center. Such an OH dependence holds for relatively low irradiation times, i.e. < 1 h. After irradiation with X-rays for 3 h, however, the intensity of the 5.8 eV band increases with in creasing OH content, which suggests that other mechanism(s) produce the EY" centers. The OH content dependence is similar in the case of the 4.8 eV band. This fact suggests that the precur sors of the EY" center created during long-time irradiations may be related to the creation of the 4.8 eV band; we suggest that the precursor is HzO molecules bounded to Si-OH by the hydro gen bond, which produce the E' center and the precursor of the 4.8 eV band [4, 10] . Details are discussed in Section 4.5. Fig. 4) .
The 5.0 eV band
The irradiation-time dependence of the 5.0 eV band containing two different slope regions sug gests that there would be two different mecha nisms to create ODCs; it could be the mecha nisms shown by Eqs. (4) and (6) . The creation mechanism of Eq. (6) will pro ceed linearly with irradiation time because there is no saturation due to precursors. In the lower irradiation-time regime, the slope is about 0.5. The reaction of Eq. (4) is caused from the pre-ex isting precursor and related to the diffusion of H 2 0. Thus the low-time component could be caused by the reaction of Eq. (4).
As mentioned above, the OH dependence of the ODC is easily seen from the fact that the precursors are higher in samples containing low OH in both cases in Eqs. (4) and (6).
The 5.4 eV band
The 5.4 eV band may be caused by the E~ center related to hydrogen, and the following mechanism is proposed [1] :
The hydrogen atom in the left-hand side of Eq. (9) would be created according to the mecha nism of Eq. (3). One might suspect that the =Si HO-Si= causes the 5.4 eV band because it, too, is a product of Eq. (3). Moreover, this premise seems to be supported by the fact that the inten sity of the 5.4 eV band is increasing function of =Si-H HO-Si= structures because, as discussed in Section 4.2., the population of =Si-H HO-Si= structures should be a decreasing function of the OH content. However, this structure is the pre cursor of the 5.8 eV band because the ArF laser irradiation creates the 5.8 eV band [6] .
Since the population of H atoms produced from the precursor =Si-H HO-Si= decreases with increasing OH content, the concentration of the E~ centers decreases with increasing OH content.
The origin of the 4.8 eV band and OR-content dependence of the 5.8 eV band at high irradiation times
Awazu and Kawazoe [10] proposed that the interstitial ozone molecule is the origin of the 4.8 eV band. Other models such as non-bridging oxygen hole center (NBOHC; [=Si-O' ]) and per oxy radicals (=Si-O-O') have also been pro posed [1] . In the present discussion, we discuss the nature of the 4.8 eV band based on the interstitial ozone model as in the previous papers [4, [11] [12] [13] . In the present study, the 2.0 eV band ascribed to the NBOHC was not observed within our experimental accuracy.
It is noted that our samples were synthesized under reducing conditions; there was an excess amount of hydrogen molecules existed in the flames and these hydrogen molecules could dif fuse into the glass network at high temperature. Therefore, if oxygen molecules are trapped in the glass network, they will react with the H 2 molec ules in the glass network to form H 2 0 molecules.
In previous papers [4, 11] , we proposed a model that H 2 0 molecules bound to =Si-OH structures by hydrogen bonds are precursors of the intersti tial oxygen as
The 03 in the right-hand side of Eq. (11) is the origin of the 4.8 eV absorption band.
Another probable mechanism to produce the H 2 0 molecules is the following process pro ceeded by X-ray irradiation or glass formation process:
:=Si-OH HO-Si:= ~ :=Si-O-Si:= + H 2 0. (12) There could be another probable creation pro cess of the interstitial oxygen is as :=Si-OH HO-Si:= ~ :=Si-O-O-Si:= + H 2 , (13) :=Si-O-O-Si:= ~ :=Si-O-Si:= + O. (14) The probabilities of forming the complex be tween :=Si-OH and H 2 0 molecules and the pair of Si-OH are higher in high-OH content silica. Thus the intensity of the 4.8 eV band increases with increasing the OH content.
It is noted that, in addition to these mecha nisms, interstitial oxygen can be produced from intrinsic Si-O-Si structure as Eq. (6) [14, 15] . If these oxygens react with hydrogen produced by the reactions of Eq. (3) or (10) , they will form H 2 0 molecules. The population of oxygen pro duced by Eq. (6) should be higher in silica with lower OH content because of their higher num ber of strained bonds, this is opposite to the OH-content dependence of the 4.8 eV band in tensity. Therefore, this mechanism could not be dominant for the 4.8 eV band creation.
The processes described by Eq. (10) would also explain the OH-content dependence of the 5.8 eV band at high irradiation times. Opposite to the Ey' center creation mechanism discussed in Section 4.2., the population of the E~ center produced by Eq. (10) is higher in materials with higher OH content. This reaction would proceed in relatively high irradiation times. Therefore the OH dependence of the intensity of the 5.8 eV band at high irradiation times becomes different from that at short irradiation times.
Summary and conclusion
The characteristics of X-ray-induced absorp tion bands in type-III fused silicas containing (5.8-8.7) X 10 19 cm -3 of OH were investigated. The induced absorption spectra can be decom posed into five Gaussian absorption bands at 6.5, 5.8,5.4,5.0 and 4.8 eV. The intensities of the 5.4 and the 5.0 eV bands decrease with increasing OH content, whereas the intensities of the 4.8 eV band increase. The OH-content dependence of the 5.8 eV band is more complicated: at short irradiation times, the intensity decreases with in creasing OH content, but it increases with in creasing OH content at long irradiation times.
These dependences can be explained by the existence of two groups of precursors. The pre cursor of the 5.4 and 5.0 eV bands and part of the 5.8 eV band are :=Si-H HO-Si:= structures and the strained Si-O-Si bond. Another group is H 2 0 molecules bonded to Si-OH by hydrogen bonds and :=Si-OH HO-Si:= structures, which create the O 2 molecules which are the precursors of the 4.8 eV band. E~ centers cause the 5.8 eV band which is dominant at high irradiation times; the populations of these defects are higher in higher-OH materials, suggesting the possible role of H 2 0 molecules as precursors or stabilizing entities.
